Abstract: The effect of the metal precursor (presence or absence of chlorine) on the preferential oxidation of CO in the presence of H2 over Pt/CeO2 catalysts has been studied. The catalysts were prepared using (Pt(NH3)4)(NO3)2 and H2PtCl6, as precursors, in order to ascertain the effect of the chlorine species on the chemical properties of the support and on the catalytic behavior of these systems in the PROX reaction. The results show that chloride species exert an important effect on the redox properties of the oxide support due to surface chlorination. Consequently, the chlorinated catalyst exhibits a poorer catalytic activity at low temperatures compared with the chlorine-free catalyst, and this is accompanied by a higher selectivity to CO2 even at high reaction temperatures. It is proposed that the CO oxidation mechanism follows different pathways on each catalyst. This is a previous version of the article published in Journal of Colloid and Interface Science. 2015, 443: 45-55. doi:10.1016/j.jcis.2014 3: Graphical Abstract (for review)
• The presence or absence of Cl in the Pt precursor strongly affects the catalytic behavior.
• The Pt precursor affects the PROX mechanism at low reaction temperatures.
• At 333 K, the mechanism in the Cl-free catalyst seems to involve the -OH groups on the support.
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Introduction.
Hydrogen is a promising energy vector to be used to replace or complement the current energy model based on fossil fuels [1] . It is non-polluting if it is obtained from renewable sources, and can be easily and efficiently transformed into energy both chemically and electrochemically [2] [3] [4] [5] . In this sense, the most promising technologies to obtain energy are based on fuel cells, with the proton exchange membrane fuel cell (PEMFC) standing out. Hydrogen can be obtained from a great variety of sources, including water, fossil fuels and biomass, and by different methodologies. Currently, the most widely used one is the steam reforming of methane, although many other hydrogen-containing compounds can be steam reformed. One of the main drawbacks of this process is the formation of CO as a by-product, as CO is a strong poison of PEMFC´s electrodes [1, [6] [7] [8] [9] . High concentrations of CO can be removed from the reformate streams by the water-gas shift reaction (WGS), during which it reacts with water to yield CO 2 and H 2 . However, the residual concentration of CO is still usually too high to feed the PEMFCs and other fuel cells working at low temperatures.
The preferential CO oxidation (PROX) arises as a good alternative to reduce the amount of CO remaining after the WGS reaction to achieve tolerable values for the fuel cell (below10 ppm) [1] . Different catalysts have been studied in this reaction, with a great variety of supports and metals. The important role played by reducible oxides such as ceria has been shown, as they can participate in the reaction through activation of the water molecule [8] .
The characteristics of the support can influence the reaction mechanism. Several mechanisms have been proposed in the literature for the PROX reaction, which may depend on the choice of catalyst support. Mariño et al. [10, 11] have shown that the CO oxidation mechanism over non-active supports occurs via a competitive LangmuirHinshelwood mechanism, where CO and O 2 are adsorbed on the same adsorption sites.
However, when a reducible metal oxide is used as a support, the oxygen anion functionalities of the support participate in the reaction, via a Mars-Krevelen mechanism [10] [11] [12] . Pozdnyakova et al. [13] suggested that the reaction mechanism in Pt/CeO 2 catalysts involves -OH groups on the surface. Their presence seems to suppress hydrogen oxidation while CO oxidation still takes place, as the metallic particles are covered by CO. This behavior minimizes the possibility of a direct reaction between adsorbed CO and O 2 . Quinet et al. [14] suggested that the reaction mechanism over 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 particles, and the bicarbonates, carboxylates and hydroxycarbonyls adsorbed either on the metal nanoparticles or on the metal-support interface. Daté et al. [15] and Debeila et al. [16] showed the effect of humidity in the reaction mixture for the CO oxidation at low temperature on Au/TiO 2 , Au/Al 2 O 3 and Au/SiO 2 catalysts. In this case, the presence of H 2 O or -OH influences the reaction rate.
In this work, the catalytic behavior of Pt/CeO 2 catalysts in the CO oxidation reaction in the presence of H 2 has been studied. More specifically, the work deals with the effect of the nature of the metal precursor by comparing catalysts prepared with a
Cl-containing and a Cl-free precursor. Besides the support characteristics, it is well known that the nature of the metal precursor used is important because it can yield chemical and structural differences. Furthermore, catalysts prepared from chlorinecontaining precursors are liable to incorporate a large amount of chloride ions into the support [16] . Kepinski et al. [17] studied the mechanism of CeOCl formation in Pd/CeO 2 catalysts prepared using a chlorinated precursor, PdCl 2 . These authors suggested that at low reduction temperatures, Cl -ions remain strongly chemisorbed on ceria. However, an increase in the reduction temperature produces a progressive incorporation of the chloride ions into the oxygen vacancies of the support. From HRTEM studies, it was possible to identify CeOCl species after reduction at temperatures between 423 and 573 K. An increase in the reduction temperature up to 673 K led to growth of these CeOCl crystallites, as confirmed by XRD. Moreover, in addition to the growth of the CeOCl crystals, an important loss of the catalyst surface area was observed. This fact indicates that the incorporation of the chloride ions induces changes in the textural, structural and chemical properties of the support. Thus, it can be concluded that both the support characteristics and the metal precursor used will have a large influence on the CO oxidation reaction mechanism.
With this in mind, we have studied in this work the effect of the metal precursor in the CO oxidation reaction on Pt/CeO 2 catalysts. Catalysts have been deeply characterized and the catalytic activity has been monitored by gas chromatography and by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis with online mass spectrometry.
Experimental.

Preparation of the Pt catalysts.
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The cerium oxide support was prepared by homogeneous precipitation. 
Catalysts characterization.
The textural properties of the supports were characterized by nitrogen adsorption measurements at 77 K. Gas adsorption experiments were performed in a home-made fully automated manometric apparatus. Prior to the adsorption experiments, samples were out-gassed under vacuum (10 -4 Pa) at 523 K for 4 h. The BET surface area was estimated after application of the BET equation.
The actual metal loading of the different catalysts was determined by ICP in a Perkin-Elmer device (Optimal 3000). To this end, the metal was extracted from the catalysts by refluxing them in aqua regia for 8 h.
X-Ray powder diffraction patterns were recorded on a Bruker D8-Advance with a Göebel mirror and a Kristalloflex K 760-80 F X-Ray generation system, fitted with a Cu cathode and a Ni filter. Spectra were registered between 20 and 80º (2θ) with a step of 0.05º and a time per step of 3s.
TEM observations were carried out on a JEOL electron microscope (model JEM-2010) working at 200 kV. It was equipped with an INCA Energy TEM 100 analytical system and a SIS MegaView II camera. Samples for analysis were suspended in ethanol and placed on copper grids with a holey-carbon film support.
Temperature-programmed reduction (TPR) with H 2 measurements were carried out on calcined catalysts in a U-shaped quartz cell using a 5% H 2 /He gas flow of 50 ml·min -1 , with a heating rate of 10 K·min -1 . Samples were treated with flowing He at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 mass spectrometry and calibrated by carrying out the reduction of CuO and assuming complete reduction to metallic copper.
X-Ray photoelectron spectroscopy was performed with a VG-Microtech
Multilab 3000 spectrometer equipped with a hemispherical electron analyzer and a Mg-K α (h=1253.6 eV; 1 eV = 1.6302×10 −19 J) 300-W X-ray source. The powder samples were pressed into small Inox cylinders, mounted on a sample rod placed in a pretreatment chamber, and reduced in flowing H 2 for 1 h at 523 and 773 K before being transferred to the analysis chamber. Before recording the spectrum, the sample was maintained in the analysis chamber until a residual pressure of ca. 5 × 10 −7 N·m -2 was reached. The spectra were collected at pass energy of 50 eV. The intensities were estimated by calculating the integral of each peak, after subtracting the S-shaped background, and by fitting the experimental curve to a combination of Lorentzian (30%) and Gaussian (70%) lines. All binding energies were referenced to the C 1s line at 284.6
eV, which provided binding energy values with an accuracy of ± 0.2 eV. The surface Cl/Ce atomic ratios were estimated from the integrated intensities corrected using the atomic sensitivity factors [18] .
Temperature-programmed desorption of CO (CO-TPD) from the support and from the calcined catalysts was carried out in a U-shaped quartz cell using a 10% CO in
He with a gas flow of 50 ml·min -1 . Samples were reduced with flowing H 2 at 523 K (5 K·min -1 ) for 1 h and then cooled to room temperature in He flow at 50 ml·min -1 before CO adsorption, which was carried out by exposing the sample to a 10% CO/He flow for 1 h. Physisorbed CO was removed by purging with He. CO/CO 2 desorption was performed under a He flow until 773 K, with a heating rate of 10 K·min -1 and followed by on-line mass spectrometry.
Catalytic behavior.
For the determination of the catalytic behavior, the catalysts were placed in a U- conditions. DRIFT spectra were collected using a Perkin-Elmer 100 FTIR fitted with an MCT detector. On-line gas analysis was performed using a Baltzers Prisma Quadrupole mass spectrometer. The DRIFTS cell (Harrick DRP-series) was fitted with ZnSe windows. Before exposure to the reactant gas mixture, samples were reduced in situ under flowing hydrogen (40 ml/min) at 523 K for 1 h, at a heating rate of 5 K/min.
DRIFT spectra were recorded at 4 cm -1 resolution as an average of 10 scans. The gas mixtures were prepared using a computer-controlled gas-blender (Signal) with 40 ml/min passing through the catalyst bed which equates to a GHSV of 17000 h -1 using about 100 mg of sample. CO oxidation was studied between 313 and 473 K, with a reactant mixture containing 20% H 2 , 2% CO, 10% air and N 2 as a balance.
The CO conversion (X CO ), O 2 conversion (X O2 ) and the selectivity (S) towards CO 2 , as well as the yield to CO 2 and the  value, were calculated using the following equations [8] :
3. Results and discussion.
Catalyst characterization.
The BET surface area of the different materials used, as well as the platinum and chlorine content for chlorine-free and chlorine-containing catalysts as determined by ICP are reported in The crystallinity of the oxide support and the supported nanoparticles were determined by X-ray diffraction. The XRD powder patterns of CeO 2 , Pt(N)/CeO 2 and Pt(Cl)/CeO 2 catalysts are reported in Fig. 1 . For all samples it was possible to observe the six main characteristic peaks of the cubic phase, fluorite structure, of CeO 2 , which are assigned to the (111), (200), (220), (311), (222) and (400) diffraction planes [20] [21] [22] [23] .
No diffraction peaks for platinum could be identified for both catalysts, consistent with the low platinum content or, more probably, a high Pt dispersion [8, 20, 24, 25] . The crystal size for the ceria support, estimated by Scherrer's equation, was 17 nm.
TEM images for the samples (not shown) were consistent with XRD measurements. CeO 2 exhibited a high crystallinity with a plane distance of about 0.28 nm. The ceria particle size could not be calculated from the TEM images due to the high crystal agglomeration which makes difficult the determination of particle size distribution. Furthermore, the platinum particle size could not be quantified due to the high Pt dispersion (some small nanoparticles could be detected), in close agreement with XRD results. However, the presence of platinum nanoparticles was confirmed by EDS analysis. A similar observation was described in the literature for gold catalysts [26, 27] . Small gold particles supported on ceria could not be detected by TEM due to the small contrast between the metal particle and the support.
The reducibility of the different catalysts was studied by temperature- exhibites reduction peaks at 760 and 1050 K, which can be attributed to surface and bulk reduction processes, respectively [25, 28, 29] . Pt addition to the CeO 2 support produced important changes in the TPR profiles. It is well known that cerium oxide reduction involves several processes: (i) the removal of surface carbonates [29] , (ii) a change in the cerium oxidation state (Ce(IV) to Ce(III)) and (iii) -OH group formation by spillover of atomic hydrogen from Pt [28, 29] . Furthermore, the surface reduction of ceria was shifted to lower temperatures in the presence of Pt [25] . This phenomenon can 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 be explained by the ability of the noble metal to dissociate hydrogen, thus promoting ceria reduction through spillover of hydrogen from the metal to the support [30] .
Interestingly, both catalysts exhibited a reduction peak at low temperatures.
However, the shape of this contribution was slightly different in the presence and absence of chlorine. For the chlorine-free catalyst, the hydrogen consumption peak (777.3 µmol H 2 .g -1 ) showed a main contribution at 610 K together with a shoulder at low temperatures (575 K). These two contributions include the surface reduction of ceria in close contact with the noble metal together with reduction of Pt species [22] . On the contrary, the chlorinated catalyst exhibited a single reduction peak centered at 590 K (652.6 µmol H 2 .g -1 ), which can be assigned to the reduction of surface ceria in close contact with platinum, as well as the breakdown of Pt-O-CeO 2 entities formed during the calcination treatment [22] . As shown in Table 1 , the catalyst prepared with the chlorinated platinum precursor after calcination still contains a large amount of chlorine which could affect the reducibility of the support and, similarly, the oxygen mobility.
Similar TPR profiles were previously reported for PtZn/CeO 2 catalysts prepared using two different Pt precursors (with and without chlorine) [22] . For the chlorine-free catalyst a broad hydrogen consumption peak was observed at low temperatures, which could be deconvoluted into two contributions. These two contributions were explained by the presence of a high degree of surface heterogeneity. Furthermore, in the case of the chlorinated catalyst, a delay in the metal reduction was observed due to the formation of CeOCl entities, which inhibited the metal-support interactions [22] .
DRIFTS studies (discussed below) demonstrated that the chlorine-free catalyst exhibited a higher propensity for carbonate formation compared to the chlorinated catalyst. Consequently, the presence of an additional peak in the chlorine-free catalyst can also be associated to the involvement of these surface carbonate species in the reduction process at low temperature. Most probably, the reduction of carbonate to formate takes place at lower temperatures in the presence of Pt, through hydrogen spillover phenomena. In this sense, it would be expected that this phenomena is inhibited in the presence of chlorine, due to formation of CeOCl species.
For the pre-treatment of these catalysts before the reaction, two reduction temperatures of 523 and 773 K were selected based on information obtained by TPR.
These temperatures were selected in order to analyze the effect of the reduction treatment at low temperature, where only surface reduction processes are expected, compared to the high temperature reduction treatment, where additional reduction 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 processes, i.e. oxygen vacancy formation, are were expected. It is well known that, in the case of the chlorinated catalyst, an increase in the reduction temperature favors the formation of CeOCl entities, thus stabilizing Ce (III) species [17, 31] and, consequently, producing a decrease of the OSC [22, 29, [32] [33] [34] . This effect could affect the catalytic activity and in fact, as will be discussed below, a poorer CO conversion in the case of the Cl-containing catalyst reduced at 773 K than reduced at 523 K was observed, probably due to decrease of the OSC. However, the opposite behavior has been found for the Cl-free catalyst.
The surface composition of the catalysts and the oxidation state of cerium were determined by XPS. Fig. 3 6 of Ce (III). The same assignation can be applied to the u structures, which corresponds to the Ce 3d 3/2 levels.
XP spectra allow determination of the percentage of Ce (III) present in the catalyst surface and the oxidation state of the different metal species as a function of the reduction temperature. The degree of ceria reduction from XP spectra can be determined by the ratio between the sum of the intensities of bands corresponding to Ce (III) and the sum of the intensities of bands which correspond to Ce (III) and Ce (IV), following equation [32] [33] [34] .
% Ce (III) = 100 · (I(v 0 ) + I(v') + I(u 0 ) + I(u')) / ∑(I(v t ) + I(u t )) Eq. 1
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The values obtained for the two catalysts after the different reduction treatments are reported in Table 2 . Interestingly, there is a certain amount of Ce (III) already in the fresh (calcined) catalysts, around 37.0% of Ce (III). The presence of Ce (III) in the calcined catalyst has been attributed to the high energy of the X-ray beam which can produce a partial reduction of Ce (IV) ions during the XPS analysis [22, 33, 35] . In this sense XPS experiments were performed at low temperature (77 K) and the results showed that, in fact, a lower amount of Ce (III) was obtained under these conditions, i.e.
25.0% Ce (III) for the chlorine-free catalyst. On the other hand, it is well known that one of the parameters that affect the photo-reduction of CeO 2 during the XPS analysis is its crystallinity, in such a way that amorphous cerium oxide is reduced more extensively than crystalline cerium oxide [36] . However, taking into account that the same support was used for the preparation of the two Pt/CeO 2 catalysts, and that the XPS analysis was performed under the same experimental conditions, it can then be assumed that Ce (IV)
photo-reduction due to the X-ray beam should be similar for both catalysts, and that any differences between them should be attributed to their distinctive chemical composition. Table 2 show that the extent of Ce (IV) reduction increased after a reduction treatment at 523 K. The percentage of Ce (III) in these samples was close to 46.8 and 47.6 %, for the chlorine-free and the chlorinated catalyst, respectively. With the increase of the reduction temperature (up to 773 K) it was possible to observe a slight increase in the amount of Ce (III), and this rise is more pronounce for the Cl-containing catalyst.
Data in
These results are were in agreement with previous data from our group [22] , where a higher amount of Ce (III) in the Pt(Cl)/CeO 2 catalyst after a high temperature reduction treatment was detected. This fact was tentatively attributed to the presence of chlorine and, more specifically, to the formation of CeOCl species. Le Normand et al. [37] described the formation of the oxychloride species on a Pd(Cl)/CeO 2 catalyst after a reduction treatment at 673 K. According to these authors, no definitive changes were observed by XRD and XPS analysis, and the only evidence of a structural modification was the Cl/Ce molar ratio close to one, but just for low ceria content. In this context, Table 2 reports the Cl/Ce ratios for the Pt(Cl)/CeO 2 catalyst in the fresh and reduced states. Taking into account the Cl/Ce ratio after the reduction at 773 K, the value of 0.14 is quite different from the value of 1 reported in the literature [37] . However, due to the low chlorine content (because of the low platinum loading) in this catalyst, it would be reasonable to expect the formation of CeOCl microphases on just a small fraction of the ceria surface. 
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At this point it is worth noting that the presence of carbonates and -OH surface groups can be detected by XPS with a shift of the C 1s at about 288.5 eV [38] when the reduction temperature was increased, and this fact it was more pronounced in the case of chlorine-free catalyst. This result is in agreement with the DRIFTS spectra (see later), and provides some information about the reaction mechanism as observed below.
The XP spectra of the Pt 4f level in the Pt(N)/CeO 2 and Pt(Cl)/CeO 2 catalysts, both fresh (calcined) and in situ reduced at 523 and 773 K, are shown in Fig. 4 (a) eV, corresponding to Pt (II) and Pt (0), respectively. Finally, after the reduction treatment at 773 K, all platinum was in the metallic state. On the other hand, somewhat different behavior was observed for the Cl-containing catalyst (Fig. 4 (b) ). In the fresh (calcined) sample, platinum was present as Pt (II) species, most likely originating during a reductive process taking place upon impregnation of the Pt (IV) precursor and the ceria support, and the subsequent calcination. After reduction at 523 K, some degree of Pt (II) reduction to metallic platinum has taken place, but to a lower extent than in the case of the non-chlorinated catalyst. Interestingly, complete reduction is not achieved even after reduction at 773 K, although, in this case, the amount of remaining Pt (II) species is very low.
In order to characterize the oxygen mobility in the Pt/CeO 2 catalysts, both in the presence of chlorine and in the Cl-free sample, an indirect method of determination was carried out using the temperature-programmed oxidation of previously adsorbed CO.
The amount of CO desorbed, together with the amount of CO 2 formed upon oxidation with oxygen from the CeO 2 support, was monitored by on-line mass spectrometry. The CO 2 and CO desorption profiles obtained during the TPD analysis on catalysts reduced at 523 K are shown in Fig. 5 (a) and (b), respectively. As can be observed, the CeO 2 support did not adsorb CO and, consequently, CO 2 was not produced in the temperature range studied. This observation demonstrates the importance of the Pt nanoparticles to 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 chemisorb and oxidize CO to CO 2 . Several authors have used CO-TPD for the characterization of CeO 2 -based catalysts [39] [40] [41] [42] . In the case of gold catalysts, two CO 2 desorption peaks were reported; the first one, around 433 K, is assigned to the oxidation of adsorbed species over noble metal nanoparticles, and the second one, near 773 K, is attributed to the decomposition of carbonate species on the support [43] . In the present work, the incorporation of Pt nanoparticles in the catalyst surface rise to a CO 2 desorption peak at around 380 K with a shoulder at about 425 K for both catalysts, irrespective of the presence or absence of chlorine ( Fig. 5 (a) ), although it was much more intense for the Cl-free catalyst. Ribeiro et al. [43] have proposed two mechanisms to justify the presence of these CO 2 desorption peaks. First, a CO disproportionation reaction on the Pt surface giving rise to CO 2 and C (s) as products. Carbon deposition is a well-known deactivation mechanism, which causes the loss of metal-support interactions and leads to the covering of the catalytic surface, which in turn hinders reactant adsorption on active sites. Secondly, these authors proposed that CO 2 could be formed by the oxidation of CO adsorbed on metal-support centers with oxygen coming from the support, forming CO 2 and leaving an oxygen vacancy. Previous studies described in the literature for Au/TiO 2 catalysts have suggested the adsorption of CO on gold nanoparticles and the reaction with lattice oxygen as the proposed mechanism for CO 2 formation at low temperatures [44] . Moreover, in the case of Au/ZrO 2 catalysts, two CO 2 desorption peaks were observed; the first one at 393 K and the second at 573 K.
The first peak was due to CO disproportionation, but the second peak was related to the decomposition of carbonate species on the support surface [45] . Isotopic studies on Rh/CeO 2 catalysts carried out by Putna et al. [40] demonstrated that oxygen atoms resulting from CO dissociation quickly exchange with oxygen from the ceria lattice.
As observed in Fig. 5 , the amount of CO desorbed is 10 times lower that the amount of CO 2 produced, indicating that in both cases, nearly all the CO adsorbed was oxidized to CO 2 . However, a close inspection to the CO 2 desorption profiles ( Fig. 5 (a)) shows that the amount of CO 2 formed was larger in the Cl-free catalyst. In addition to the main peak at 380 K, there is a high temperature shoulder for both catalysts, this contribution being more evident in the chlorine-free catalyst. The low temperature peak (main contribution) should be ascribed to CO oxidation on the Pt nanoparticles, whereas the high temperature shoulder can be attributed to carbonate decomposition. The larger amount of CO 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 formation of carbonates, while the presence of CeOCl species prevented oxygen mobility, in agreement with the results showed previously.
The CO desorption profiles for both catalysts were very similar, Fig. 5 (b) , with the amount of CO desorbed being 0.042 and 0.034 mmol CO.g -1 catalyst for the chlorinefree and the chlorinated catalyst, respectively. The presence of a wide desorption peak indicates indicated a heterogeneity of adsorption sites with different energies for CO desorption, which suggests the presence of a broad Pt particle size distribution [46] . Two peaks can be differentiated in the CO desorption profiles, one at low temperatures (380-390 K) and another one at high temperatures (420-440 K) [39] . CO desorption at low temperature is associated with linear CO adsorption over small Pt particles, while desorption at high temperature can be attributed to bridge bonded CO species, or CO species adsorbed in low coordinated surface sites where higher temperatures are required for desorption [46] and/or to the decomposition of carbonates. In this work, the Pt(N)/CeO 2 catalyst exhibited a slightly wider CO desorption profile compared to the Pt(Cl)/CeO 2 catalyst, thus suggesting a larger heterogeneity in the metal particle size distribution in the former. This observation will be confirmed later by infrared experiments.
Moreover, with the CO-TPD results it was possible to estimate the metal dispersion on the surface. Considering an adsorption stoichiometry of 1:1, platinum dispersions of 82 and 66% for the chlorine-free and chlorinated catalyst, respectively, were obtained.
Catalytic behavior.
CO PROX: effect of reaction and reduction temperature.
The reaction profiles in terms of CO conversion and yield to CO 2 for the CeO 2 support and the two catalysts, Pt(N)/CeO 2 and Pt(Cl)/CeO 2 , at different reaction and reduction temperatures, are shown in Fig. 6 and Fig. 7 , respectively (gas mixture feed: 2% CO, 2% O 2 , 20% H 2 balanced in He,  = 2).
The light-off curves in Fig. 6 show the influence of the reduction temperature in the CO conversion for the different catalysts. It was observed that both catalysts exhibited an important difference in the CO conversion with an increase in the reaction temperature. In the case of the chlorine-free catalyst, there is a gradual increase in CO conversion with temperature. On the contrary, the chlorinated catalyst exhibited a sharp 14 increase in the CO conversion at 353 K, reaching a final conversion value similar to its counterpart. This behavior may be associated to a different reaction mechanisms taking place on each of these catalysts. Details regarding the possible mechanisms are reported later. Both catalysts exhibited a decrease in CO conversion and selectivity to CO 2 (not shown) at temperatures above 400 K. At these high temperatures, the oxidation of H 2 to H 2 O was more favored than the oxidation of CO to CO 2 [11, 24, 25, 47] . However, the effect of CO 2 present in the reaction feed cannot be ruled out as being responsible for the loss in catalytic activity. Mariño et al. [11] proposed the formation of carbonates due to CO 2 adsorption on the ceria support as responsible for the observed behavior in the catalytic activity.
Concerning the effect of the Pt nanoparticles, it can be observed that the support alone is practically inactive over the range of temperatures studied, independent of the reduction temperature used. This observation is in close agreement with previous analyses [20, 23] . Concerning the Pt-based catalysts, important changes in the catalytic activity were observed as a function of reduction temperature and precursor used. There was an increase in the catalytic activity in the temperature range between 320 and 380 K for both catalysts, up to a conversion value close to 90%. A closer inspection of these data shows that the chlorine-free catalyst presented a higher activity compared to the chlorinated catalyst, at least at low temperatures (333 K). The effect of the metal precursor was more pronounced after a reduction treatment at high temperature. Similar behavior was observed by Ko et al. [48] for Pd-Co/YSZ catalysts. In this sense, whereas an increase in the reduction temperature to 773 K was beneficial for the reaction process over Pt(N)/CeO 2 catalyst, i.e. there is a slight improvement in the catalytic activity at low temperature, the same variation in the reduction temperature is detrimental for the Pt(Cl)/CeO 2 catalyst. In accordance with the XPS results, an increase in the reduction temperature must give rise to an increase in the amount of oxygen vacancies created by reduction of Ce (IV) to Ce (III). Apparently, those oxygen vacancies at the metalsupport interface favor the activation of the CO molecule and provide active sites for the oxidation to CO 2 [49] . On the contrary, in the chlorinated catalyst, chlorine inhibited the formation of those oxygen vacancies due to the formation of CeOCl surface species [22, 50, 51] . This process was favored at high reduction temperatures.
Complete O 2 conversion (not shown) was reached at 413 K for both catalysts reduced at 523 K. However, in the case of reduction at 773 K, complete O 2 conversion was observed at 433 K for the chlorine-free catalyst whereas it shifted to 413 K for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 chlorinated catalyst. The yield to CO 2 in the range of high CO conversion (~ 380-400 K) was around 0.4 for both catalysts (Fig. 7) .
CO PROX: isothermal experiments.
To better illustrate the effect of the reaction temperature and to understand the differences in catalytic activity for the different catalysts, two experiments were carried out isothermally at 333 and 353 K with the Cl-containing and Cl-free catalysts, both reduced at 523 K (gas mixture feed 2% CO, 2% O 2 , 20% H 2 balanced in He,  = 2).
The same trend with regards to CO conversion was observed in the isothermal experiments (Fig. 8) , and comparable to the behavior described in Fig. 6 . At low temperature (333 K), the chlorinated catalyst exhibited poor catalytic activity (conversion around 2%), which remained constant with time on stream. On the contrary, and in accordance with data in Fig. 6 , the Cl-free catalyst exhibited high catalytic activity (up to 73% conversion) which was accompanied by significant deactivation during the first minutes of the reaction, dropping to a steady state activity of around 12% conversion. The high catalytic activity, together with the large deactivation rate observed in the Cl-free catalyst clearly indicates the presence of a different reaction mechanism in the absence of chlorine at low temperatures. Most probably, this reaction mechanism involves surface species which are consumed during the first stages of the reaction. A completely different scenario occurred at a slightly higher reaction temperature (353 K). At this temperature, both catalysts exhibited a high catalytic activity (around 75-85% conversion), which remains more or less stable with time on stream.
The mechanism for the CO oxidation over reducible metal oxides catalyst was proposed by Mars and Van Krevelen [10, 24, 41, 52, 53] . In this mechanism CO is adsorbed on the surface of the noble metal and is activated by labile oxygen coming from the support. CO and H 2 compete for the same adsorption site but, at low temperature, CO adsorption is favored. The high catalytic activity observed at low temperature on the Pt(N)/CeO 2 catalyst compared to its chlorinated counterpart clearly reflects a different mechanism depending on the presence or absence of chlorinated species, most probably associated with the support. Ayastuy et al. In this study, the catalytic activity of the Pt/CeO 2 catalyst was larger than that of the Pt/Al 2 O 3 catalyst, these differences being associated with the different reaction 16 mechanisms taking place on the different catalysts. In the case of Al 2 O 3 , the CO oxidation reaction took place through the competitive Langmuir-Hinshelwood mechanism, where oxygen and CO compete with hydrogen for the active sites. In the case of CeO 2 , the reaction mechanism was the non-competitive Mars-Van Krevelen, in which there is an important role for the oxide support. In the present work, the high CO conversion for the chlorine-free catalyst at low temperature must be attributed to the availability of active sites/species in the oxide support, which were blocked or absent when chlorine was present. Furthermore, the irreversible consumption of these surface species (more probably -OH species) favoring the catalytic process at low temperature would explain the fast deactivation observed in the initial steps of the reaction. A description of the different hypothesis to explain this behavior will be discussed in the subsequent section.
CO PROX: effect of feed composition.
Another factor that can influence the reaction mechanism when working with oxide supports is the feed composition, i.e. the λ value (λ = 2(O 2 )/(CO)). The λ value was modified in this study by increasing the O 2 content in the reaction feed (2% CO, 0.6-2% O 2 , 20% H 2 balanced in He). The evolution of the CO and O 2 conversion profiles together with the CO 2 selectivity for the Pt(N)/CeO 2 catalyst reduced at 523 K, and at a reaction temperature of 353 K, are reported in Fig. 9 .
The CO conversion depends strongly on the λ value. Using an oxygen content above the stoichiometric value (λ = 2), i.e. when there is an excess of oxygen, both the CO and H 2 oxidation reactions are favored. However, the effect of this excess oxygen is more pronounced for the hydrogen oxidation reaction, i.e. there is in general a decrease in the selectivity to CO 2 with increasing oxygen content. It must be kept in mind that ceria can act as an oxygen buffer. As a result, the oxygen concentration over the catalyst would be virtually constant up to a certain oxygen inlet concentration, when the maximum oxygen storage capacity (OSC) of ceria is exceeded [11] . This result is in agreement with the values reported in the literature [10, 13, 24, 36, 53] which show a similar dependence of the CO oxidation reaction with the λ value. Mariño et al. [10] studied the influence of the gas composition for platinum and iridium catalysts. For both systems, the CO and H 2 oxidation rates were increased with an increase in the  value, while the selectivity towards CO 2 formation fell. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17
CO PROX monitored by operando DRIFT spectroscopy: effect of the reaction temperature.
In order to analyze the different steps taking place during the course of the catalytic reaction, both Pt/CeO 2 catalysts have been analyzed by operando DRIFTS.
The spectra obtained for CO oxidation are shown in the Fig. 10 (a), (b) During the course of the PROX reaction, an increase in the reaction temperature for the Cl-free catalyst gave rise to a decrease in the signals attributed to water and hydroxyls groups (bands at 3640, 3511, and ~ 3180 cm -1 ), this decrease being acute in the temperature range 313-333 K. Furthermore, an increase in reaction temperature produced a significant decrease in the intensity of the carbonate bands at 1567 and 1292 cm -1 . For the chlorinated catalyst, only a slight decrease in the bands due to surface -OH groups or carbonates was observed. The differences between the DRIFT spectra for both catalysts may be related with the differences observed in catalytic activity. As described in the literature [13, 56, 57] , the surface -OH groups may facilitate the formation of carbonate species by reaction with CO. Föttinger et al. [56] suggested that the formation of carbonates may be associated with two models, the first one being related with the dissociation of CO on the noble metal followed by the reaction of CO 2 with the support to form the surface carbonates, and the second one being related with 18 the direct reaction between CO and -OH groups of the support, followed by CO 2 reaction with additional -OH groups. As described above, at 333 K, the Cl-free catalyst presented a higher catalytic activity and a large deactivation rate with time on stream (Fig. 9) . Initially, CO can react with -OH surface groups of the support to form carbonates and formates until total saturation; then, the reaction could move towards Pt surface sites, leading to a lesser, but constant activity. Shido et al. [58] studied Rh/CeO 2 in the WGS reaction and observed the formation of bidentate formates from CO and surface -OH groups on ceria. Daté et al. [15] studied the influence of humidity on the CO oxidation reaction on gold catalysts prepared on different supports. According to these authors, the reaction mechanism depends on the nature of the support and on the presence of moisture; moisture improves the reaction activity due to the involvement of -OH group as intermediates. Xu et al. [59] also studied the reaction mechanism of WGS and PROX reactions. In this case, CO 2 formation occurred through the reaction between adsorbed CO and surface -OH groups (CO ads + OH surf ) taking place at Pt-oxide interface sites at low temperature. Graf et al. [60] determined that the reactivity of hydroxyl groups on Pt catalysts for the WGS reaction is associated with the formate formation by mono-coordinated hydroxyls.
The existence of CO species adsorbed on the support and on the Pt nanoparticles can be followed by bands in the range 2240-1860 cm -1 [61] . Peaks at 2172 and 2116 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 CO was observed in the range 2120-2170 cm -1 [13, 55] . In this region, bands corresponding to CO adsorbed on sites belonging to a CeOCl phase, where Ce (IV) was reduced to Ce (III), can be found. They appear at around 2175 cm -1 [50] ; therefore, they could be difficult to identify due to overlap.
Furthermore, and in agreement with the TPD based CO desorption profile, it is interesting to mention that the Pt(N)/CeO 2 catalyst presented a wider Pt-CO desorption profile than the Cl-free catalyst, this indicating the higher surface heterogeneity for the former catalyst.
The changes observed in the surface chemistry of the Cl-free catalyst by DRIFT after an increase in the reaction temperature from 313 to 333 K (Fig. 10) , fit with the results obtained in the light-off curves for the PROX reaction (Fig. 8) (Fig. 8) . Whereas the chlorinated catalyst showed almost no activity, the Cl-free catalyst showed an initially high activity (CO conversion about 75%), together with a high degree of deactivation (down to a 13% conversion) after 2 h reaction at 333 K. On the contrary, the PROX reaction performed at a higher temperature (353 K) proceeded with high conversion for both catalysts (~ 80%), which remained constant with reaction time.
Therefore, these observations clearly demonstrate that the high catalytic activity of Pt(N)/CeO 2 at low temperature (333 K) compared with the chlorinated catalyst, can be attributed to the presence of reactive -OH species on the surface of the support, which reacts to generate CO 2 and H 2 O. The presence of a finite number of surface -OH groups on the catalyst could justify the limited activity of this catalyst at 333 K compared to the same behavior at 353 K. In this respect, a shift in the reaction mechanism is expected at 353 K to the surface of the platinum nanoparticles, for both catalysts, without the 20 involvement of surface -OH species from the support, i.e., reaction between adsorbed CO and oxygen from the metal-support interface sites.
Conclusions.
Two catalysts prepared using different platinum precursors (with and without chlorine) were assessed in the preferential CO oxidation reaction in the presence of H 2 .
From the obtained results it was possible to conclude that the Cl-free catalyst showed better activity at low temperature (333 K) than the chlorinated catalyst. At temperatures above 373 K, the CO oxidation reaction occurred via the same mechanism on both catalysts (interfacial reaction centers between CO adsorbed on Pt and oxygen from the support). However, at low temperatures, the presence of a second reaction mechanism in the Cl-free catalyst was involved. This mechanism seems to involve the participation of -OH groups from the support, with the corresponding consumption of CO and subsequent formation of CO 2 . It has been possible to confirm this hypothesis by (i)
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